Synthesis of the Fis nucleoid protein rapidly increases in response to nutrient upshifts, and Fis is one of the most abundant DNA binding proteins in Escherichia coli under nutrient-rich growth conditions. Previous work has shown that control of Fis synthesis occurs at transcription initiation of the dusB-fis operon. We show here that while translation of the dihydrouridine synthase gene dusB is low, unusual mechanisms operate to enable robust translation of fis. At least two RNA sequence elements located within the dusB coding region are responsible for high fis translation. The most important is an AU element centered 35 nucleotides (nt) upstream of the fis AUG, which may function as a binding site for ribosomal protein S1. In addition, a 44-nt segment located upstream of the AU element and predicted to form a stem-loop secondary structure plays a prominent role in enhancing fis translation. On the other hand, mutations close to the AUG, including over a potential Shine-Dalgarno sequence, have little effect on Fis protein levels. The AU element and stem-loop regions are phylogenetically conserved within dusB-fis operons of representative enteric bacteria.
F
is is an abundant small DNA binding protein in Escherichia coli that regulates diverse transcription, recombination, and replication reactions (13, 17, 24) . Fis is also proposed to participate in nucleoid compaction, a function that it shares with other small nucleoid-associated proteins like H-NS and HU (10, 45, 49) . The expression pattern of Fis is unique among nucleoid proteins, being high when cells are growing rapidly under nutrient-rich conditions but low when cells are growing slowly in poor medium or in stationary phase (2, 29, 35, 39) . Moreover, Fis synthesis is rapidly induced upon nutrient upshift, leading to transient accumulations of very high cellular Fis levels, which decrease well before cells enter stationary phase (2, 29) . Thus, the regulation of Fis synthesis is nearly opposite that of another nucleoid protein, Dps, which is induced as cells approach stationary phase (1) .
The gene encoding Fis is positioned second within a bicistronic operon present in Enterobacteriaceae family members of the Gammaproteobacteria (Fig. 1A) (3) . The dusB gene is located upstream of fis in the operon and encodes one of three synthases in E. coli that modify tRNAs by converting uridine to 5,6-dihydrouridine within D loops (4) . The dusB-fis operon is transcribed from a single promoter that initiates RNA synthesis 32 bp upstream of dusB (2, 30, 35) . In addition to the full-length transcript of 1,382 nucleotides (nt), which terminates 62 bases downstream of fis, Northern blots have detected an ϳ860-nt transcript encoding fis that is believed to reflect the product of an RNA cleavage event within dusB (2, 35) . This smaller fis transcript is present in similar amounts as the full-length transcript under most conditions but is undetectable in a relA spoT deletion strain upon amino acid starvation (30) . The functional role of this cleavage is unknown, but we show here that removal of the dusB coding segment around the cleavage site has no significant effect on Fis expression.
Transcription rates from the dusB-fis promoter vary tremendously with respect to growth conditions and closely follow Fis protein levels (2, 35, 39) . The growth phase-and growth rateregulated transcription is largely controlled by a nucleotide-sensing mechanism and by DksA and guanosine tetraphosphate levels in a manner resembling the control of rRNA gene P1 promoters (29, 30, 40, 56) . Additional regulation is mediated by Fis itself, which binds to multiple sites within the promoter region to repress transcription, and by cyclic AMP (cAMP) receptor protein (CRP) and integration host factor (IHF), which bind to upstream sites to moderately inhibit and activate transcription, respectively (2, 33, 41) . The dusB-fis mRNA exhibits half-lives of 2 to 3 min under different growth stages where mRNA and Fis protein synthesis vary widely (41) .
Although changes in transcription can account for the growth phase and growth rate patterns of Fis expression, we wondered if atypical translation mechanisms may contribute to the rapid increase in Fis protein levels in response to nutrient upshifts and the high levels of Fis protein expressed under high growth rates. Related to this, we wondered if DusB was also synthesized in large amounts from the dusB-fis mRNA. Surprisingly, we find that DusB is synthesized in very low levels relative to Fis. A dissection of sequences upstream of the fis coding region reveals that efficient initiation of fis translation occurs by unconventional mechanisms whereby a canonical Shine-Dalgarno (SD) sequence is not operating but where unusually far upstream AU-rich sequences and RNA secondary structure play important roles.
MATERIALS AND METHODS
Bacterial strains. A list of strains used in this work is provided in Table 1 . Plasmids containing the lacZ fusions were transformed into the E. coli MG1655 derivative RJ3454. The bacteriophage RED system was used for recombining fis mutations and dusB-FLAG (see below) into the chromosome (11, 57) . Initially, the rpsL-neo (19) cassette was inserted between 986 and 1,325 bp downstream of the dusB-fis promoter start site in RJ3791 (RJ3454 rpsL150) to generate the kanamycin-resistant and streptomycinsensitive strain RJ3802. Recombineered alleles were then identified by streptomycin resistance and kanamycin sensitivity and confirmed by DNA sequencing after PCR amplification of chromosomal DNA.
Construction of lacZ reporters and mutants. pRJ1772 contains the dusB-fis operon from 376 bp (HindIII site) upstream of the transcription start site to 259 bp (BglII site) downstream of the fis gene inserted between the HindIII and BamHI sites in pACYC184. lacZ translation and transcription fusions to dusB were generated by substituting the SmaI-Sal fragments from pRS414 and pRS415 (47) , respectively, into pRJ1772 between the EcoRV (dusB codon 95) and SalI sites to generate the in-frame protein fusion pRJ2922 and operon fusion pRJ2923 (Fig. 1A and C) . Likewise, lacZ translation and transcription fusions to fis were generated by transferring the SmaI-Sal fragments from pRS414 and pRS415, respectively, between the HpaI (fis codon 16) and SalI sites of pRJ1772. The resulting fis=-=lacZ translation reporter (pRJ2617) and fis=-lacZ transcription reporter (pRJ2618) serve as the parent constructs from which other point, deletion, or spacing mutants were derived.
Deletion mutants 1 to 4 (Mdel1 to Mdel4) were generated between native restriction sites within the dusB coding region (Fig. 1A) such that all created in-frame internal deletions. For Mdel5, the 65-bp sequence downstream of the dusB KpnI site was removed by amplifying the downstream region (66 bp after KpnI) with a forward oligonucleotide that has a KpnI site at its 5= end. This fragment was then ligated between the KpnI and BamHI (at the lacZ fusion joint) sites of pRJ2617 and pRJ2618. In order to construct Mdel6 and Mdel7, pairs of XhoI sites were first introduced (mutants M36 and M33 for Mdel6, mutants M34 and M33 for Mdel7; see Table S1 in the supplemental material) using a modified QuikChange method (Stratagene), and the intervening DNA segments were subsequently removed by XhoI digestion and ligation. The spacing mutants were constructed by inserting duplex oligonucleotides representing the sequence beginning 11 bp upstream of the lacZ ATG in the trp-lac W200 fusion (58) into the mutant M33 and M34 XhoI sites (see Fig. 6C ). This DNA segment from the 3= end of trpB was utilized because it has been shown to not have a stimulatory effect on translation (58) . Mdel8 to Mdel10 were constructed using a two-step overlap PCR method (22) .
Specific nucleotide changes in the dusB coding region and intergenic regions were introduced by a modified QuikChange protocol. For the mutant scans, changes were typically made to complementary base pairs. The locations of the mutations are given in the relevant figures and provided in the plasmid list in Table S1 in the supplemental material. All constructs were confirmed by DNA sequencing.
␤-Galactosidase activity assay. Fifteen-hour overnight cultures were diluted 1/50 into fresh 5-ml LB cultures and typically grown for 1.5 h, which corresponds to the peak time of fis=-=lacZ activity. Cells were permeabilized by incubation with 0.005% SDS and chloroform for 10 min at 28°C, and ␤-galactosidase assays were initiated by addition of o-nitrophenyl-␤-D-galactopyranoside according to the method of Miller (31) . For each mutation, translation and transcription reporters were grown and assayed in parallel with the wild-type constructs (pRJ2617 and pRJ2618, respectively).
Purification of recombinant proteins. The dusB gene was amplified from RJ3454 chromosomal DNA and cloned into pET11a with a single FLAG tag (GADYKDDDDK) added to its 3= end, generating pRJ2720. BL21 cells containing pRJ2720 were induced with isopropyl-␤-D-thiogalactopyranoside at 37°C for 2 h, and cells were harvested and lysed afterwards by a French press in buffer containing 50 mM HEPES (pH 7.5), 15 mM EDTA, 10% glycerol, 5 mM dithiothreitol, 0.3 M NaCl. DusB-FLAG was highly overproduced but present in inclusion bodies, which were isolated by centrifugation at 8,000 ϫ g for 20 min after an initial clearing spin at 1,600 ϫ g for 15 min. DusB-FLAG was solubilized in 2% SDS, and SDS-PAGE showed that the resulting preparation was about 90% pure. The DusB-FLAG concentration was determined by comparing dilutions of solubilized DusB-FLAG protein to bovine serum albumin standards of known concentration on SDS-polyacrylamide gels. Recombinant Fis was purified as described previously (52) .
Western blotting. Cells analyzed by anti-Fis Western blotting were grown in either LB medium or morpholinepropanesulfonic acid (MOPS)-rich medium with 0.3% glucose (34) . When LB medium was gram of the dusB-fis operon. The starting and ending sites of the dusB and fis coding regions are given relative to the primary mRNA start site from the promoter. N-terminal sequencing has confirmed the start site for the fis coding region (23, 25) . Naturally occurring restriction sites used to construct several lacZ fusion reporters and PCR primer pairs for qRT-PCR used for panel B are denoted. (B) DusB and Fis protein and mRNA levels. DusB monomer and Fis dimer levels per cell were determined by quantitative Western blotting of RJ3812 (dusB::FLAG) with anti-FLAG antibody and RJ3454 (wild type) with anti-Fis antibody. Quantitative RT-PCR was performed to measure absolute dusB and fis mRNA levels in RJ3454. dusB mRNA was probed with primer pairs a and b, and fis mRNA was probed with primer pair c (A). Protein levels are given for 90 min after 1/50 subculture in LB medium, corresponding to the peak Fis protein expression, and RNA levels are given for 60 min, near the peak fis RNA expression. (C) Translation and transcription reporter activities for dusB and fis. For these and all subsequent reporter assays, saturated overnight cultures containing the pACYC184-derived lacZ fusion plasmids were subcultured 1/50 into fresh LB medium, and ␤-galactosidase activities were measured after 90 min of growth and are reported in Miller units (mean and standard deviation). (D) Translation of dusB does not affect Fis protein levels. Mutant M20 has a UAA introduced at codon 6 within dusB in the context of the fis-lacZ reporters. ␤-Galactosidase activities of the M20 translation (TL) and transcription (Txn) reporters are given relative to the wild-type (WT) reporters, which are set to 100.
used, the 15-h overnight cultures were diluted 1/50 into fresh LB medium and cells were collected at various time points afterwards. To assay cells under more steady-state growth conditions, 15-h cultures grown in MOPS-rich medium were first diluted 1/200 into 5 ml of fresh MOPS-rich medium. At an optical density at 600 nm (OD 600 ) of ϳ1.0, cultures were chilled, stored at 4°C overnight, and diluted 1/50 into fresh medium the next day. Cells were then collected at an OD 600 of 0.4. Under these conditions, Fis levels remain high between OD 600 s of 0.1 and 1.0 (Y. Bernatavichute and R. C. Johnson, unpublished data), unlike the rapidly changing Fis levels observed in LB batch cultures.
The amount of cells equivalent to 1 ml of an OD 600 of 1.0 were collected, resuspended in SDS loading buffer, and boiled for 5 min, and the equivalent of an OD 600 of 0.1 of cells was subjected to SDS-PAGE. Protein was transferred to a polyvinylidene difluoride membrane (Immobilon; Millipore), which was incubated with rabbit polyclonal Fis antibody, followed by mouse anti-rabbit IgG DyLight 800 conjugated (Thermo Scientific). The blots were visualized and quantified by an Odyssey imaging system (LI-COR). The amount of Fis present in each sample was calculated on the basis of standard curves derived from purified Fis electrophoresed on the same gel. Fis protein levels are reported relative to wild-type cells (set to 1) or as the number of Fis dimers per cell if viable cell counts (numbers of CFU) were determined.
Western blots for DusB-FLAG were performed similarly, except that up to 16 times more cells were loaded onto the SDS-polyacrylamide gels. Membranes were probed with mouse monoclonal anti-FLAG M2 antibody (Sigma), followed by goat anti-mouse antibody (IgG DyLight 800 conjugated; Thermo Scientific), and imaged with the Odyssey system. Because no bands of the appropriate size for DusB-FLAG were visible, the smallest amount of purified DusB-FLAG (5 ng) that could be visualized by the antibody was considered to be the upper limit of DusB-FLAG levels in the cell.
Quantitative RT-PCR (qRT-PCR).
Fifteen-hour overnight cultures of RJ3454 and the fis chromosomal mutant strains (RJ3802 to RJ3808, RJ3817, and RJ3818) were diluted 1/50 into fresh LB medium. After 60 min of growth, cells were collected and the RNA was extracted using hot acid phenol (7) and further purified by using a Qiagen RNeasy kit following the manufacturer's directions. cDNA was prepared from 1 g of total RNA and 250 ng of random hexamers (Qiagen) using Superscript II reverse transcriptase (RT; Invitrogen). The cDNA was diluted 5-fold and used as the template for quantitative PCRs with SYBR green. For each reaction, a negative RT control whose signal threshold appeared at least 10 cycles after the positive RT reaction was performed. Moreover, no correct product bands upon gel electrophoresis were present in the negative RT controls. Primers were fis FP (oRJ343; TCGAACAACGCGTAAATTCTG) and fis RP (oRJ344; TTGCATCACCATGTCCAACA), 5= dusB FP (oRJ339; AGACCTTTTCGGACGTTGTG) and 5= dusB RP (oRJ340; TT CTTTCGGATCGCTACCAG), 3= dusB FP (oRJ341; ACGACAGTATTC GGGCAGTT) and 3= dusB RP (oRJ342; CAACTCCCCAGTGTCCAG AT), and rpoA FP (oRJ313; AATTGACTGTCCGCTCTGCT), and rpoA RP (oRJ314; TTACTCGTCAGCGATGCTTG). dusB and fis mRNA copy numbers were determined from standard curves obtained using serial dilutions of the template pRJ753, which contains the dusB-fis coding region (23) . fis mRNA levels in the different chromosomal fis mutants were normalized to rpoA mRNA levels assayed in parallel and reported relative to wild type by using the 2 Ϫ⌬⌬CT method (28).
RESULTS
Fis protein levels are much higher than DusB levels. Quantitative immunoblotting was performed to compare the levels of DusB and Fis protein synthesized from the dusB-fis mRNA. For detecting DusB, a 10-amino-acid-residue FLAG tag was added to the 3= end of the gene, which was then allele replaced into the E. coli chromosome. Overnight LB cultures of RJ3454 (MG1655 pyrE ϩ ⌬lacIZ) and RJ3812 (RJ3454 dusB::FLAG) were diluted 1/50 into fresh LB medium, and aliquots were subjected to immunoblotting with anti-Fis or anti-FLAG antibody after 60 to 100 min of growth, corresponding to the time frame of maximal Fis levels. Whereas Fis levels peaked at Ն50,000 dimers per cell, DusB protein was undetectable (Fig. 1B) . On the basis of DusB-FLAG standards electrophoresed on the same gel, Ͻ500 monomers of DusB are estimated to be present per cell, which corresponds to Ͻ0.5% of the levels of Fis protomers.
As an independent estimation of relative abundance, LB cultures of RJ3454 containing dusB=-=lacZ and fis=-=lacZ gene fusions on pACYC184 plasmids were assayed for ␤-galactosidase activities. Ninety minutes after subculturing, corresponding to the peak time of Fis-LacZ activity (21,900 Miller units), the dusB=-=lacZ translation reporter generated only 155 Miller units, or about 0.7% of the Fis-LacZ activity (Fig. 1C) . The activity of the dusB=-=lacZ translation reporter reflects a small amount of translation initiated from dusB because a UAA introduced in place of dusB codon 6 reduced ␤-galactosidase activity to Ͻ0.5 unit. Transcription reporter activities were high for both dusB and fis, although the number of ␤-galactosidase units programmed by the dusB=-lacZ fusion was 40% that of the fis=-lacZ fusion (Fig. 1C) .
To more directly measure RNA levels over the dusB-fis operon, quantitative RT-PCR assays were performed on RNA isolated 60 min after subculturing into fresh LB medium. Primer pairs were designed to cover a region in the 5= end of dusB that is prior to the cleavage site detected by Northern blots along with a 3= segment of dusB and a segment within fis (Fig. 1A) . RNA levels were quantified on the basis of standards derived from cloned DNA of the dusB-fis operon. Very similar amounts of RNA were obtained over all three segments of the operon (Fig. 1B) . We conclude that whereas RNA levels are high over the coding regions of dusB and fis, Fis protein synthesis is much greater than that of DusB.
A nonsense mutation introduced into the N-terminal end (codon 6) of the dusB coding sequence had no effect on fis=-=lacZ translation and fis=-lacZ transcription reporter activities (Fig. 1D) . Therefore, translation of dusB mRNA is not important for stabilizing the dusB-fis message or for translation of fis.
A putative Fis Shine-Dalgarno sequence is not important for high Fis synthesis. SD sequences are usually located 4 to 9 nt upstream from the translation start codon (9, 43) . A potential SD sequence (AAGAGCU, where underlined bases are a complementary match to the 16S rRNA sequence) is located 9 nt upstream from the fis start (AUG) codon (Fig. 2A) . To test the importance of this sequence for fis translation, the GAG center was mutated to ATA and CTC. Surprisingly, ␤-galactosidase activities of these mutant fis=-=lacZ translation reporters (mutants M18 and M39) remained high at 69% and 63% of wild-type levels (Fig. 2B) . Substitution of the two G's between the putative SD sequence and the AUG with C's (mutant M40) had no effect on reporter activity. The results of these mutants imply that an SD-like sequence is not functionally important for efficient translation initiation of fis.
The 3= end of dusB contains sequences that are needed for high fis translation. To test whether upstream elements function in fis mRNA translation, various regions of the dusB coding region were deleted (Fig. 2C) and ␤-galactosidase activities were measured for fis=-lacZ translation and fis=-lacZ transcription reporters (Fig. 2D) . Deleting a major portion of dusB (Mdel1, ϩ320 to ϩ956, numbered relative to the dusB-fis transcription start site) had a large impact on fis translation, decreasing the activity of the translation reporter 13-fold with little effect on the transcription reporter. Subdividing this region showed that sequences upstream of the NruI site (ϩ625), which is predicted to include the site of RNA cleavage (ϳϩ525), have little effect on fis translation (Mdel2). However, sequences downstream of the NruI site had an increasingly large effect on fis translation. In particular, a 101-bp deletion (Mdel4) corresponding to Ϫ168 to Ϫ67 with respect to the fis ATG decreased fis=-=lacZ translation activity 9-fold, and a 76-bp deletion (Mdel6) corresponding to Ϫ100 to Ϫ24 relative to the fis ATG decreased fis=-=lacZ translation by Ͼ150-fold with small effects on transcription. Removal of sequences between Ϫ400 and Ϫ100 also caused modest decreases in fis=-=lacZ translation activities, as evidenced by Mdel3 and Mdel5. Taken together, the results of these deletions imply that the segment from Ϫ100 to Ϫ24 with respect to the fis initiating ATG has a large positive effect on fis translation, encouraging the more refined dissection of this region discussed below.
An RNA stem-loop predicted to form at the 3= end of dusB is important for efficient fis translation. The 3= end of dusB was probed for sequences contributing to fis translation by performing a mutagenesis scan consisting of a series of 3 to 4 tandem changes to the complement base pair beginning at the Mdel6 upstream deletion boundary at Ϫ100 with respect to the fis ATG (Fig. 3A) . The translational activities of these fis=-=lacZ reporters are represented as bar graphs in Fig. 3B . Six of the 16 mutations caused greater than 2-fold decreases in fis translation, with some mutations (those in mutants M2, M3, M16, and M21) resulting in Ͼ5-fold decreases. RNA secondary structure analysis of this segment using Mfold (61) and Sfold (14) predicts the discontinuous stem-loop structure depicted in Fig. 3C (⌬G ϭ Ϫ18.5 kcal/mol). All the mutations that decrease fis=-=lacZ reporter activity are located within base-paired regions of this structure; bases within the loop regions appear to be unimportant for translation. The mutations covering the lower stem have the largest effects, but the triple mutations in mutants M24 and M25, which should disrupt base pairing of the lower stem, do not significantly decrease fis=-=lacZ reporter activities.
To evaluate the importance of this stem-loop structure for fis translation, mutations on either side of the stems were combined such that base pairing was restored (Fig. 3D) . In all cases, the compensating double mutations rescue fis=-=lacZ activities back to wild-type levels (Fig. 3E) . These include combining the strong mutations of mutants M16 and M21 with the phenotypically silent mutations of mutants M24 and M25. Taken together, the results of the scan and combinatorial mutagenesis provide evidence that an RNA secondary structure located Ϫ50 to Ϫ94 nt from the Fis AUG directly or indirectly enhances fis translation.
An upstream AU segment is important for high fis translation. In some systems that lack a strong SD sequence, AU-rich sequences proximal to the translational start codon have been found to be important for efficient translation (see Discussion). Two AU-rich segments consisting of 7 and 8 consecutive A's and U's are centered 18 nt (proximal) and 35 nt (distal) upstream of the fis translation start site, respectively (Fig. 4A) . Mutational analysis of these two segments revealed that the distal element (AAAAUUUU) is important for fis translation. Replacing the 4 A's or 4 U's of this sequence with G's (mutants M27 and M28) reduced the relative ␤-galactosidase activities of the fis=-=lacZ translation reporters 15-to 33-fold but had no effect on transcription (Fig. 4B) . In contrast, substitution of 4 G's within the proximal sequence (mutant M30) did not significantly reduce fis translation. Switching A's and U's within the center of the distal AU element from AAUU to UUAA (mutant M29) had no effect, suggesting that the AϩU composition rather than primary sequence or RNA secondary structure is the key determinant. An additional 4-bp substitution beginning 1 nt upstream of the distal AU element (mutant M43) makes the region G rich but has little effect on fis=-=lacZ reporter activity. We conclude that the AU-rich element at the 3= end of the dusB coding sequence is of critical importance for robust translation of fis mRNA.
Chromosomal mutations that disrupt the stem-loop and AU elements decrease Fis levels. In order to confirm that the disruption of the putative stem-loop and AU elements reduces Fis synthesis, representative mutations were recombined into the dusBfis locus on the E. coli chromosome using the phage RED system. As shown in Fig. 5A , mutants with four mutations located in the base-paired regions of the putative stem-loop (M1 to M4), two rescue mutants (M3:2 and M4:1), a mutant with one mutation within the internal loop (M10), and a mutant with a G substitution mutation within the AU element (M27) were evaluated. Direct measurements of Fis protein levels were consistent with the results of the plasmid-based reporter assays.
The chromosomal mutants were grown together with the otherwise isogenic parent strain (RJ3454) to directly compare Fis protein levels by Western blotting. Representative immunoblots of Fis protein levels from cells grown in LB (Fig. 5B) or MOPS-rich glucose (Fig. 5C ) medium are shown, and amounts quantified relative to the amount for the wild type from MOPS-rich glucose medium are reported in Fig. 5D . As previously observed with the lacZ fusion constructs, all of the mutations that disrupt the stemloop and AU element have lower Fis protein levels, whereas the rescue mutants (M3:2 and M4:1) and M10 with changes in the internal loop exhibit near wild-type levels. The fold differences between the mutants and wild type, however, are not as large as those measured by lacZ translation reporter activities. Quantitative RT-PCR analysis of mRNA from the mutants revealed no significant differences in fis transcript levels (Fig. 5E ).
Fis protein levels over the course of a batch culture cycle in LB medium were analyzed for one of the strong mutants (M2; Fig.  5A ) with a mutation within the putative stem-loop region to determine whether the growth-phase expression pattern was altered. Fis dimers per cell were quantified every 15 min after subculturing, and the amounts were compared to those in parallel wild-type cultures, which exhibited a typical pattern of Fis expression with respect to the growth cycle (Fig. 5F) (2) . Fis levels in the mutant peaked at about 12% of the wild-type levels. The similar overall expression pattern of the mutant suggests that the stem-loop element is enhancing fis translation to a similar extent throughout the growth cycle. It is notable that the growth curve of the M2 mutants slightly lags behind that of the wild-type strain. This trend is reproducible and comparable to the increased lag observed with a fis null mutant.
Further dissection and spatial relationships of the functional upstream elements on fis translation. Our results implicate at least two determinants located upstream of the fis coding region that are required for high translation. As noted above, removal of both the putative stem-loop structure and the AU element in Mdel6 (Ϫ100 to Ϫ24 relative to the initiating ATG) results in very low levels of Fis protein synthesis (Ͻ1% of the wild-type level) (Fig. 2C and Fig. 6B ). Most of the stimulatory effect promoted by this region is lost in Mdel7, which removes the AU element but retains the stem-loop (Fig. 6A and B) . When the stem-loop segment is precisely excised (Mdel8) or partially excised leaving wildtype sequences over the locations of the M24 and M25 mutations (Mdel9), activities of fis=-=lacZ translation reporters are reduced only by about 3-fold. These results imply that the AU element is the most critical determinant responsible for high fis translation. However, as described above, localized changes within the stems of the stem-loop region can have large negative impacts on Fis synthesis.
In other systems where AU-rich sequences contribute to translation initiation, the AU segment is proposed to facilitate ribosome loading through the action of ribosomal protein S1 (see Discussion). However, in most of these systems, the AU segment is close to the initiating codon, whereas in fis it is centered 35 nt upstream. We asked whether the AU element in the fis upstream region could function at even greater distances from the AUG. Insertions that increased the separation between the fis AUG and the AU element plus upstream DNA were added by first introducing an XhoI site 18 bp upstream of the start codon (mutant M33 in Fig. 6C ). The substitution in mutant M33 decreased fis=-=lacZ translation to 43% of wild-type levels (Fig. 6D) . Addition of 20 nt into mutant M33 resulted in only a small additional decrease (Fig.  6D) . Forty-and 60-nt insertions resulted in Ն10-fold decreases in fis=-=lacZ translation activity (Fig. 6D) . Fis protein levels were also quantified by Western blotting of the chromosomal dusB-FLAG strain, which inserts 30 bp at the C-terminal end of dusB at a position 3 bp 3= to the AU element. Fis levels were reduced to about 50% of wild-type levels in the dusB-FLAG strain. These data suggest that the AU element can function relatively effectively to enhance translation with modest increases (20 to 30 nt) in spacing from the AUG but that large increases are poorly tolerated.
The importance of spacing between the AU element and putative stem-loop was also investigated by adding DNA into an XhoI site introduced 42 bp upstream of the fis AUG (mutant M34; Fig.  6C ). Insertions of 15 and 40 nt caused a progressive decrease in fis=-=lacZ translation activity to 42% and 23% of wild-type levels, respectively (Fig. 6E) . Thus, RNA sequences upstream of the AU element that include the putative stem-loop region appear to enhance translation less effectively at increased distances.
DISCUSSION
The Fis nucleoid protein is distinguished by its fast increase in synthesis rates following nutrient upshifts and its abundance in rapidly growing E. coli cells. Previous studies have shown that much of this regulation occurs at transcription initiation, but we report here that the high synthesis rates of Fis are further supported by distinct mechanisms operating at the translation level. Whereas an SD-like sequence seems to play little role in fis mRNA translation, we find that sequences from Ϫ32 to Ϫ94 nt upstream of the fis AUG are responsible for increasing fis=-=lacZ translation reporter activities over 100-fold. Within this region, an AϩU sequence element centered 35 nt upstream of the fis AUG increases fis translation by as much as 15-fold. Formation of a putative RNA secondary structure element beginning 50 nt upstream of the AUG also positively affects fis translation by up to 10-fold.
The fis gene is cotranscribed with the upstream dusB gene encoding a tRNA-modifying enzyme. DusB protein levels are very low even under conditions when there is high transcription of the operon and high levels of Fis protein. The 32-nt 5= leader of dusB has no recognizable SD sequence, which presumably contributes to its poor translation. The poor translation of dusB and the lack of effects by nonsense (mutant M20; Fig. 1D ) or frameshift (data not shown) mutations in dusB suggest that there is insignificant translational coupling between dusB and fis. Although the dusB-fis operon may be an extreme example, recent global profiling of translating ribosomes in E. coli has shown that differences in translational efficiencies of polycistronic messages are not uncommon (37) . Even though dusB is translated poorly, mRNA levels over its length are similar to those over the fis coding region (Fig.  1B and RNA tiling array hybridization data of J. Peters, J. Grass, and R. Landick, personal communication). The stability of the untranslated dusB message is important since sequences within the 3= third of the dusB gene are required for high fis translation, with the 3= 70 nt being of greatest importance.
A sequence separated by 9 nt from the fis AUG exhibits moderate complementarity to the anti-SD sequence at the 3= end of 16S rRNA. However, mutagenesis of this sequence or other G's proximal to the AUG provides no evidence for a functionally important SD-like sequence. On the other hand, comprehensive mutagenesis of the upstream region points to an 8-nt AU sequence (AAAAUUUU, where the central AAUU sequence can be switched to UUAA) centered 35 nt upstream of the AUG to be the dominant element responsible for efficient Fis synthesis. As shown in Fig. 7A , the AU sequence found in the E. coli fis leader is conserved in location and sequence in 7 other members of the Gammaproteobacteria, with the exception that one of the A's is replaced with a C in Serratia marcescens, Erwinia carotovora, and Yersinia enterocolitica.
AU-rich sequences have been noted to be overrepresented in 5= untranslated regions and have been experimentally shown to enhance translation of the downstream gene in a number of cases (6, 21, 26, 36, 38, 55, 59) . Their positive effect on translation has been proposed to be correlated with a general lack of secondary structure, thereby facilitating ribosome accessibility of the region (27) or by functioning as a binding site for the largest protein component of the ribosome S1 (6, 26, 59) . S1 is an essential E. coli protein that is weakly and reversibly associated with the ribosome and can directly contact mRNA sequences upstream of the start codon (42, 46, 51, 53) . S1 has been shown to promote ribosome binding by preferentially interacting with mRNA segments rich in A's, U's, and C's and notably lacking G's (32, 53) . Moreover, S1 has been found to be absolutely required in vitro for ribosome binding and translation of mRNAs lacking an SD sequence (16, 44, 54) . These functional studies, together with the cryo-electron microscopy structures of Frank and coworkers (46) , suggest that S1 is able to compensate for weak interactions between the SD and the anti-SD on the 16S rRNA by tethering AU-rich mRNA segments to the ribosome near the P site. For fis, we propose that S1 binding to an 8-nt AU element functions to recruit the mRNA to the ribosome in the absence of a functionally important SD sequence. However, we note the study of Vimberg et al., who concluded that AU-rich translational enhancers function synergistically with strong SD sequences because they had little positive effect in the context of weak SD sequences in their assay system (55) . Interestingly, fis contains two AU-rich elements centered 18 and 35 nt upstream of the AUG, but only the distal segment is important for translation. In most of the experimentally supported examples cited above, the AU-rich translational enhancer is located close to the translation start site. Surprisingly, further increasing the spacing from the AUG to the functional AU element by 20 to 30 nt decreases fis translation only 2-to 3-fold, but larger insertions have a severe effect. We conclude that the AU element on the fis mRNA functions at an unusually remote position from the AUG to facilitate translation. In vitro experiments will be needed to confirm that the fis AU segment functions as a binding site for ribosomal protein S1 and that this interaction promotes ribosome loading.
Secondary structure programs predict that the local region extending up to 50 nt upstream from the AUG (including the AU element) is likely to be free of stable secondary structures. However, sequences further upstream are predicted to fold into a 44-nt secondary structure that consists of two stem regions interrupted by a 10-nt unpaired segment on the 5= side ( Fig. 3C ; ⌬G ϭ Ϫ18.5 kcal/mol). Mutations that disrupt the bottom stem decrease fis=-=lacZ translation reporter activities up to 10-fold. These include a single A-to-T change at Ϫ91, which reduces fis=-=lacZ activity to 14% of wild type (data not shown). Mutations disrupting the top stem have milder effects, and mutations in the unpaired regions have no demonstrable effects. Evidence for the importance of both stem structures over the primary sequence in facilitating fis translation is provided by combining mutations that restore base pairing together with high Fis synthesis ( Fig. 3D and E) . Further support comes from the strong phylogenetic conservation of the stem regions (Fig. 7B) . Each is predicted to fold into an identical structure, and the only deviations within the stems occur in Erwinia carotovora, where a G-to-A transition converts the wobble base pair into a Watson-Crick base pair, and Salmonella enterica, where a GU wobble base pair replaces a GC base pair (Fig. 7C) . Although variation occurs within the unpaired regions, the degree of primary sequence conservation is greater over the 44-nt stem-loop region (95 to 100%) than over the entire 966-nt dusB coding sequence (77 to 94%) (Fig. 7A) . Data regarding the predicted secondary structure that are difficult to reconcile, however, are the lack of effect by mutations in mutants M24 and M25, which are located on the 3= side of the bottom stem ( Fig. 3A and B) . Moreover, a complete or partial deletion of the stem-loop segment, as represented by Mdel8 and Mdel9, respectively (Fig. 6A) , decreases the activities of fis=-=lacZ translation reporters only 3-fold. mRNA sequences within dusB that are even further upstream may also modulate fis translation, potentially by forming secondary and tertiary interactions. For example, Mdel5, in which 65 nt beginning 3 nt upstream of the stem-loop structure discussed above is removed, exhibits a 3.5-fold decrease in fis=-=lacZ activities (Fig.  2D ). This region is predicted to fold into a structure with a calculated ⌬G of Ϫ18.2 kcal/mol. The absence of ribosomes over dusB due to its low translation may make the mRNA particularly prone to the formation of structures. Probing the structure of the upstream RNA in vitro may be informative with respect to the formation of these predicted structures, but equilibrium structures present in purified systems may not necessarily reflect the in vivo situation.
Most RNA secondary structures that control translation act as negative regulators by preventing the ribosome from accessing the translation start site (12, 27) . Nevertheless, there are a limited number of examples of upstream secondary structures that function to enhance translation. The best-studied examples are the stem-loop structures increasing translation of rnd, rpsA, and csgD, but their mechanisms of action remain poorly understood (5, 20, 50, 60) . The prominent effects of RNA sequences that are likely to form secondary structures upstream of the AU element in fis raise the possibility of riboswitch-like mechanisms or binding sites for trans-acting small untranslated RNA or protein factors influencing fis translation. Although supporting evidence is currently lacking, such mechanisms cannot be ruled out at this point. Small metabolites like CTP and ppGpp have a strong effect on fis transcription (2, 29, 30, 35, 56) , and it could be imagined that a small molecule(s) indicative of the cell's physiological state may also be influencing fis translation. Candidate RNA chaperones and translational regulators like Hfq, CspE, StpA, CsrA, and BipA/TypA have not been found to associate with the dusB-fis mRNA or significantly affect Fis levels (15, 48; our unpublished data), but a renewed search for trans-acting regulators may be prudent.
In summary, we find that Fis has evolved an unconventional mechanism to promote efficient translation of the fis mRNAs that are quickly induced under rapid growth conditions. We propose that canonical SD and anti-SD interactions are not the main route to recruiting the fis mRNA to the ribosome. Rather, initiation of fis translation largely depends on an AU-rich element which is located unusually far upstream of the initiating AUG compared to other systems where AU-rich elements have been shown to function as translational enhancers. We postulate that the fis AU element functions as a binding site for the ribosomal protein S1 to efficiently recruit the fis mRNA to ribosomes. Further mechanistic work will be required to elucidate the steps of ribosome binding by the dusB-fis mRNA and the role(s) by which remote RNA secondary structures in dusB influence fis translation initiation.
